The tables in our first paper on polycyclic aromatic hydrocarbons [J. Phys. Chern. Ref. Data 17,241 (1988)] have been extended by calculating thermodynamic properties for the first four isomer groups in the pyrene series, the first three isomer groups in the naphthopyrene series, and the first three isomer groups in the coronene series. Successive isomer groups in each series differ by C 4 H 2 .Since chemical thermodynamic properties are known for only a limited number of polycyclic aromatic hydrocarbons, the properties of individual species have been estimated using Benson group values of Stein and Fahr for temperatures from 298.15 to 3000 K. Values of C ~,S 0, !:'fH 0, and AfG 0 have been calculated in joules for a standard state pressure of 1 bar. The chemical thermodynamic properties of the individual species have also been calculated. The isomer group values provide a basis for extrapolating to higher carbon numbers where it is not feasible to consider individual molecular species.
I. Introduction
The preceding article in this series I presented thermodynamic tables for the benzene series isomer groups from C6H6 to C 26 H I6 and for the individual species. This paper extends these tables to the next three isomer groups. Some of the needs for thermodynamic properties of polycyclic aromatic hydrocarbons have been indicated in the preceding article.
Dias 2 -6 has developed a formula periodic table for benzenoid polycyclic aromatic hydrocarbons using graph theoretical principles. Molecular formulas in this periodic table represent isomer groups. In thinking about the chemical thermodynamic properties of polycyclic aromatic hydrocarbons it is convenient to think of them in terms of series of isomer groups in which successive isomer groups differ by CaH? Table 1 gives the molecular formulas, numbers of rings, and numbers of isomers for the first four series. In the paper on the benzene series, we found that the thermodynamic properties of the higher isomer groups can be estimatt::u by liIlt::al t::xtIapulatiuH frum the plUperties uf luwel isomer groups. This paper is concerned with the pyrene, naphthopyrene, and coronene series. There is an infinite number of these series, and each has an infinite number of isomer groups.
The numbers of isomers in Table 1 come from Trinajstic and co-workers. 7 We are indebted to them for the computer generation of all the possible structures that correspond to these molecular formulas. The structural formulas ofthe isomers considered in this paper are given in Fig. 1 . To simplify this figure only sigma bonds are shown. However, the thermodynamic properties of all these isomers are not estimated in this paper for the following reasons: (~) Some of the structures are diradicals, and we do not currently know how to estimate their properties-although they are expected to be unstable with respect to the non radical isomers. (ii) TABLE 1 . First four series of polycyclic aromatic hydrocarbons" Some of the structures are helicenes in the sense that the hydrogen atoms overlap in the bay region, and this prevents them from being planar molecules; again we do not currently know how to estimate their properties-although they are expected to be unstable with respect to the non radical isomers. Table 2 gives the numbers of diradicals for the various isomer groups considered in this paper; they are identified in TrinajstiC's tables by K = 0, since they do not have any Kekule structures. The identification numbers of the diradical isomers in Fig. 1 27,47,53,54,55,56,64,65,66 8 15,25,41,44,45,46,48,53,54. Table 2 also gives the numbers of helicenes that are omitted in the thermodynamic tables. Their identification numbers are as follows: C 2s H I6 3,24,35,36,41,42,48,57 C 30 H I6 41,42.
The omission of diradicals and helicenes is not expected to affect the isomer group thermodynamic properties because these species have significantly higher standard Gibbs energies offormation, and therefore do not contribute significantly to the equilibrium population. The tables presented here are of the same type as those published earlier for alkanes,s alkylbenzenes,9 alkenes,1O alkylnaphthalenes, II alkylcyclopentanes and cyclohexanes, 12 alkynes, 13 thiols, 14 
Standard Thermodynamic Properties of Polycyclic Aromatic Isomer Groups
When isomers are in equilibrium, the standard Gibbs energy of formation b. JG ° (I) of the isomer groups is defined by 16, 17 N, where DofG~ is the standard Gibbs energy of formation of an individual isomer and N j is the number of isomers in an isomer group. The equilibrium mole fractions r i of various isomers in a group can be calculated using
YI where YI is the sum of the mole fractions of the individual isomers. The corresponding equations for the other standard thermodynamic properties C; 0), SaO) , and ~fHOO) can be derived by differentiating Eq. (1) with respect to temperature. 18 When standard Gibbs energies of formation of isomer groups are used in equilibrium calculations for ideal gases the equilibrium mole fractions of isomer groups are obtained.
For the polycyclic aromatic hydrocarbons the standard thermodynamic properties for an isomer group are interrelated by ~fG°(l) = !:J.fH°(l) T [S°(l) nCS;raphite (3) where nc is the number of carbon atoms and n H is the number of hydrogen atoms.
Calculations of Standard Thermodynamic
Properties of Polycyclic Aromatic Hydrocarbons using the Benson Method Experimental data on the polycyclic aromatic hydrocarbons are limited to the smaller molecules. Fortunately enough data were available for Stein, Golden, and Benson 19, 20 to obtain group values for CB-(H), CFR-(C FR )(C B )2' and CFR-(C FR )2(C B ) groups; the group values of C FR -( C FR ) 3 were evaluated from graphite.
The significance of lhese symuols is llescliuell iu Beuson's book. 19 The average difference between predicted and measured ~fH ° (298) for 11 polycyclic aromatic hydrocarbons was < 2 kcal mol-I and generally was within experimental uncertainties. More recently, Stein and Although these values are similar to those of Stein, Golden, and Benson,::w two major changes were made: (i) heat capacity values were calculated using the harmonic oscillator-rigid rotor approximation, and (ii) values of C; for the [C rR -( C rR ) J] gronp were rlerived from pyrene frequencies 22 rather than from graphite. These values are given in Table A .1 in the Appendix. J. Phys. Chern. Ref. Data, Vol. 18, No.1, 1989 The procedures used in the estimation of chemical thermodynamic properties of the gaseous polycyclic aromatic hydrocarbons have been described in the preceding article. I The latest values have been used for various thermodynamic quantities. 23 -25 Comparisons between properties of polycyclic aromatic hydrocarbons calculated using the Benson method and given in the TRC Thermodynamic Tables 26 for benzene, naphthalene, anthracene, and phenanthrene up to 1500 K were given in the preceding paper. There is a serious shortage of experimental data on polycyclic aromatic hydrocarbons. The only additional species for which a literature comparison is possible is pyrene. Pedley, Naylor, and Kirby27 have selected the best value of the enthalpy of formation of pyrene gas at 298.15 K to be that determined by Smith et al., 28 225.7 ± 1.2 kJ mol-I. The Benson method with the parameters we have used yields 230.5 kJ mol-I. Since Smith et al., studied vapor pressures over a range of temperatures and Wong and Westrum 29 obtained entropies of solid pyrene from low-temperature calorimetric studies, Smith et al. 28 were able to calculate chemical thermodynamic properties from 200 to 600 K. At the three temperatures at which their table overlaps ours, the average difference in C; is 2.6 J k-I mol-I, in So is 0.9 J K-I mol-I, in ~fHo is 5.0 kJ mol-I, and in ~fGo is 5.0 kJ mol-I. These are all within the uncertainties that Benson states for his method, that is ± 4 J K-I mol-I for C; and So, and ± 8 kJ mol-l for ~fHo and ~fGo.
All values of thermodynamic quantities in this article are for a standard state pressure of 1 bar (0.1 MPa) in accordance with the recommendation of the International Union of Pure and Applied Chemistry. 3D
Tables of Standard Thermodynamic
Properties of Polycyclic Aromatic Isomer Groups in the Pyrene, Naphthopyrene, and Coronene Series
In Tables 3-8 all of the values have been estimated using the Benson method. Since the increments from one isomer group to the next are C 4 H 2 in each series, the increments in the properties are given for each series at each temperature. These increments provide a basis for a linear extrapolation of standard thermodynan11c propertlPS to pnlycyc11c aromatic isomer groups to higher carbon number. Table 7 gives H°(1, T)-HO (1,298.15 K) , the standard enthalpy for an isomer group relative to the isomer group at 298.15 K. Table 8 gives values tor H"(l, J')-HQ (l, 298.15 K) + AfH°(l, 298.15 K), the standard enthalpy for the isomer group relative to the elements of298.15 K. This quantity allows the direct calculation of heat effects when the reactants and products are at different temperatures.
Equilibrium Mole Fractions Within Polycyclic Aromatic Isomer Groups
The equilibrium mole fractions within isomer groups calculated from standard Gibbs energies of formation are given in Table 9 for the ideal gas state. Since the uncertainties in AfG°(I) and ~fG i are about the samc, the uncertainty in ..... co (X) . ex) w co !=- Table 9 shows that there are significant changes in the distribution of isomers within an isomer group when the temperature is changed from 298 K to 3000 K. At higher temperatures, the relative stabilities are determined primarily by the entropy. The distribution becomes more uniform as the temperature is raised.
Standard Thermodynamic Properties of Individual Polycyclic Aromatic Hydrocarbons
The values of C;, So, AfH o , and AfG o calculated using the Benson method for the polycyclic aromatic hydrocarbons are given in Tables 10 to 13 in joules for a standard state pressure of 1 bar.
Discussion
The increments in the standard Gibbs energy of formation for the pyrene isomer groups per C 4 H 2 are very close to those for the benzene series. 1 The increments for the naphthopyrene series are a little smaller, and those for the coron-ene series are still smaller. However, Fig. 2 of the preceding article 1 provides a useful guide to the partial pressures of acetylene and hydrogen that will cause higher isomer groups to predominate at a given temperature.
It is interesting to observe that the zethrenes (number 6 ofC 24 H 14 , numbers 20 and 26 ofC 2S H 16 ) do not contribute significantly to the isomer group thermodynamic properties. These molecules are remarkable because two double bonds in the center of the molecules are fixed. For this reason we were not sure that they should be included in the current calculations. However, this bond fixation appears to have no influence on the aromatic character of the absorption spectra and the reactivity.32
In making equilibrium calculations on polycyclic aromatic hydrocarbons in flames it is convenient to use isomer groups because of the geometric increase in the number of isomers with carbon numbers. It is also convenient to deal with series, such as the three described here, because the standard thermodynamic properties are very nearly a linear function of the number of C 4 H 2 increments added to the leading member of the series. When one or more reactants are available to a system at a constant chemical potential, their terms can be removed from the fundamental equation of thermodynamics by use of a Legendre transform to obtain a new thermodynamic potential that is a minimum at equilibrium. 33 Thus a new thermodynamic potential for isomer groups of polycyclic aromatic hydrocarbons can be defined at specified chemical potentials of acetylene and hydrogen. This makes it possible to treat a series as a single species in an equilibrium calculation. ~ ""
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